organicmaterialssurvivedincorporationinto parentbodieswithin the formingSolar System.
INTRODUCTION
Isotopic measurements, primarily in the form of deuterium(D) enrichments, provide definitive evidencefor presolarinterstellarmaterialswithin meteoriticsamples (Robertand Epstein, 1982; YangandEpstein,1983; Kerridge andChang,1985; Kerridgeet al., 1987) . These enrichmentsareseenbothin bulk meteoriticmaterials (Zinner, 1988) ,in meteoriticsubfractions, and in specificclasses of molecularspecies, suchasaminoandcarboxylicacids (Epsteinet al., 1987; Pizzarelloet al., 1991; Krishnamurthyet al., 1992; Zinner, 1997) .
The traditionalexplanationof thesemeteoriticD excesses hasbeento invoke the presence of materialsmadein the ISM by low temperature gasphaseion-moleculereactions (Geissand Reeves,1981; DalgarnoandLepp, 1984) .The D/t-I ratiosof simpleinterstellarmolecules amenableto measurement usingradiospectraltechniquesaregenerallyhigherthanthoseof Solar Systemmaterials (Robertet al.,2000 (Sandford et al., 2001 ).
The four chemical processes that can lead to D enrichment are briefly reviewed in {}2.
These processes are expel:ted to manifest in ways that are amenable to telescopic observation.
Section 3 provides a discv.ssion of the infrared spectral signatures that should be associated with (Tieleas, 1983 (Tieleas, , 1992 (Tieleas, , 1997 , unimolecular photodissociation (Altamandola et al., 1987 (Altamandola et al., , 1989 , and radiation processing of D-enriched ice grains (Sandford et al.. 2000) . Each of these processes manifests itself in the production of D-enriched molecules with distinctive regiochemical signatures (Sandford et al., 2001 ). These differences are summarized in Table I .
For the purposeof inter-process comparisons, thechemistryof polycyclic aromatic hydrocarbons(PAHs)will be highlightedsincePAHs areabundant andwidespreadin the universe (PugetandLeger,1989; Roelfsema et al., 1996; Allamandotaet al., 1989,i999) , and PAils areextremelystablemoleculesthatrepresent oneof the few classes of materialsthat can survive in all theinterstellarenvironments associated with the four chemicalprocesses listed above. In addition,PAHs andrelatedaromaticmaterialsarecommonin primitive meteorites (Cronin andChang,1993; Gardinieret al.,2000; Codyetal., 2001 ;andreferences therein)and interplanetarydustparticles(IDPs) (Allamandolaet al., 1987; Clemettetal., 1993) ,both of which contain significantcardersof D (Kerridge and Chang, 1985; McKeegan et al., 1985; Keller et al., 2000; Messenger, 2000) .
For a more detailed description of these processes, as well as a discussion about how these processes are expected to effect C, N, and O isotopic ratios, see Sandford et al. (2001) and Lepp, 1984; Tielens, 1997; Millar et al., 2000) .
At high temperatures fracr.ionation is a minoreffect, but asthe gasdropsbelow about70 K, fractionationbecomesincreasinglymoresignificant(e.g. Millar et al., 1989 
Low Temperature Gas-Grain Reactions
Ion-molecule reactior_s can only occur in the gas phase. However, at the temperatures typical of dense clouds (T < 50 K) most volatile species are condensed out of the gas phase into icy grain mantles , as evidenced by the large quantities of mixedrnolecular ices (Sandford, 1996) and gas phase depletions (Mauersberger et al., 1992) seen in dense clouds. The comp)sition of these ices does not simply reflect gas phase abundances, however, since additional species are formed when condensing species participate in gas-grain reactionson the grain surfaces (TielensandHagen,1982; d'Hendecourt et al., 1985; Brown and Charnley, 1990; Hasegawa et al., 1992 (Tielens, 1983 (Tielens, , 1992 (Tielens, , 1997 Chamley et al., 1997) .
Values in this range have been reported for HDO/H20 in interstellar ices (Teixeira et al., 1999) .
Since the grain mantles in dense clouds represent a much larger fraction of the total reservoir of material than does material in the gas phase (H,_ excepted), grain surface processes are probably far more important for the total D fractionation in dense clouds than ion-molecule reactions. In such cases, a bond or bonds will break, the most likely being a peripheral C-H bond followed by loss of the H atom. Because of the zero-point energy difference of the C-D and C-H bonds, the rate of D loss from interstellar PAHs should be lower than that of H ( Figure 3 ). The resulting PAH radical will subsequently react with ambient HiD atoms, and repeated processing should gradually enrich interstellar
Naturally
PAHs in D relative to the ambient gas. Steady state equilibrium is expected to be reached in photodissociation regions and, at least for small PAHs, in dense clouds. At equilibrium, the fraction of peripheral D relative to H will be 3 times the local gas phase ratio of D to H (10 _ to 10 3) (Allamandola et al, 1989; Tielens, 1997 Most of the volatile species in dense clouds reside in icy grain mantles.
The dominant species in these ices is usually H20, but they also contain CO, CO2, CH3OH, NH3, H2CO, CH4, and a number of other simple species in abundances greater than 1% of H20 (see Sandford, 1996; Whittet et al., 1996) . Many of these species should be significantly enriched in D, either by enrichment in the gas phase by ion-molecule reactions followed by condensation onto the grain mantle, or via gas-grain reactions occurring on the mantle surface. Once in the ice, these molecules can serve as a D-enriched reservoir for the synthesis of other enriched species.
One would normally expect few chemical reactions to occur within these ice mantles because of their low temperatures. However, interstellar ices -in dense clouds can be further modified by energetic processing by ambient UV radiation and cosmic rays (Norman and Silk, 1980; Prasad and Tarafdar, 1983) . When these ices are irradiated and warmed, bonds are broken, molecules are destroyed, and new molecules, radicals, and ions are formed. Thus, irradiation and thermal processing of ices made of simpler (D-enriched) molecules is expected to form a host of more complex species in dense interstellar clouds (Moore et al., 1983 : Agarwal et al,, 1985 AlIamandola et al., 1988; Bernstein et al., 1995; Dworkin et al., 2001) . Infrared spectra of the ices in dense clouds provide evidence for this process (Tegler et al., 1993; Pendleton et aI., 1999; Bernstein et al., 2000) . Furthermore, laboratory studies of mixed-molecular ices in which some of the original speciesareD-enrichedhaveshownD incorporationinto manyof the reactionproducts (Bernsteinet al., 1994 (Bernsteinet al., ,1995 (Bernsteinet al., ,2000 Sandfordetal., 2000) , Unlike the previouslydescribedprocesses, the effect is not toproduce a fractio:_ation of H from D, but instead to propagate previous fractionations into new molecular species, i.e., the "global" D/H ratio of the ice mantle remains fixed, but the D/H ratios in individual molecular families may be redistributed into other species.
The presence of PAHs in these environments has been demonstrated by detection of their infrared vibrational bands in absorption in the spectra of stars embedded within dense clouds (Sellgren et al., 1995; Brooke et al., 1996 Brooke et al., , 1999 Chiar et al., 2000; Bregman et al., 2000) . Once condensed into interstellar ice mantles, PAHs will be subjected to the same radiation processing as the other ice components. Thus, in principle, the D/H ratios in PAHs (as one example) could be measured by comparing the relative strengths of the corresponding C-H and C-D modes. As noted earlier, this will require a spaceborne telescope and very high quality spectra. Figure 6 shows the spectrum of et al., 1987; Pizzarello et al., 1991; Krishnamurthy et al., 1992) and aromatic hydrocarbons (cf. Robert and Epstein, 1982; Kerridge et al. 1987; Krishnamurth,, et al., 1992) . Aromatic hydrocarbons and related materials are the main carrier of carbon in l?rimitive meteorites (cf. Cronin et al., 1987; De Vries et al., 1993; Gardinier et al., 2000; Coc!y et al., 2001) and IDPs (Allamandola et al., 1987; Clemett et al., 1993) and are therefore likely to be the main carriers of the D excesses as well (Kerridge et al. 1987 ).
On the basis of cutter t knowledge, it is not possible to exclude potential contributions to the inventory of excess meteo'itic D from any of the four processes outlined above. For example, the report by Al6on et al. (2000) that the value of 5D incre_ses with increased C/H in IDPs, with most enrichments occurring wh,;n C/H > 1 is qualitatively consistent with a fractionation of the D enrichmentoccurringin PAHsvia ion-moleculereactions.However,theobservationthatthe D/H ratio in acid insolublephases dropsslightly asthe C/H ratio increases from 2.3 to 3.0 (Robertand Epstein,1982) is alsoqualitativelyconsistent with enrichmentby unimolecularphotodissociation (Allamandolaet al., 1987) . Thesuggestion thatthe D in IDPsmay becarriedin C-rich materials thatcontain aldehydes (Keller et al.,2000) is consistentwith the photoenrichment of PAHs frozen in D-rich ices. The lack of correlationof D enrichment with C andO isotopicratios andthe poorly definedrelationshipbetweenD enrichmentsand15N enrichmentsarealsocompatiblewith theseprocesses (Sandfordet al., 2001 
